Previous studies have found cognitive deficits in patients with impaired pulmonary function, and recent data from healthy older adults suggest an association of pulmonary function with cognitive function. This 6-year longitudinal study evaluated genetic and environmental sources of covariation in the association of pulmonary function and cognitive performance. The sample included 222 Swedish twin pairs (60% women) with a mean age of 62.3 (± 7.7) years (age range: 40-84). Hierarchical multiple regression analyses, controlling for the effects of age, gender, and height, were employed to predict performance on cognitive tests of fluid intelligence (Digit Symbol, Block Design, Digit Span-Backward) and crystallized intelligence (Information) from forced expiratory volume in one second (FEV,). Bivariate cross-twin correlations were used to evaluate the contribution of genetic and environmental factors in the association of pulmonary function and cognitive performance. Results indicated that FEV, predicted performance on tests of fluid intelligence but not crystallized intelligence at the initial assessment and at the 6-year follow-up. Cross-twin correlational analyses indicated that genetic effects accounted for a greater share of the association of pulmonary function and cognitive performance than environmental effects, but environment also accounted for a substantial share of the covariance.
A LTHOUGH numerous studies have documented cogni-. tive decline among older adults with dementia, agerelated changes in cognitive functioning also have been observed among healthy older adults without dementia. Problem solving and the ability to integrate new information (i.e., fluid intelligence) may decline both with age (Salthouse, 1982) and with decreasing physical fitness (Elsayed, Ismail, & Young, 1980) , while performance on tests of accumulated knowledge (i.e., crystallized intelligence) remains relatively stable. Decrements have been observed on measures such as the Digit Symbol subtest from the Wechsler Adult Intelligence Scale-Revised (WAIS-R; Wechsler, 1981) , a commonly used test of fluid intelligence (Salthouse, 1982) . Despite the observation of enhanced cognitive performance among older adults following participation in exercise (Dustman et al., 1984) and cognitive training (Schaie & Willis, 1986) , the data generally indicate that age-related cognitive decrements are not reversible.
Cognitive deficits among healthy older adults have been attributed to a variety of sources including changes in mood (Horn, Donaldson, & Engstrom, 1981; Kennelly, Hayslip, & Richardson, 1985) , sympathetic hyperarousal (Eisdorfer, Nowlin, & Wilkie, 1970) , biological factors (Scheibel, 1996) , and reduced oxygenation of the bloodstream and brain (Dustman et al., 1990) . The contribution of reduced oxygenation to cognitive deficits is especially relevant among older adults because data suggest that older adults often exhibit impairments in physiological functioning, especially cardiopulmonary mechanics, that inhibit oxygenation of the blood and brain (Dustman et al., 1990) . This the-ory is supported by studies of older adults with compromised lung functioning and hypoxia, who exhibit significant decrements in fluid intelligence (e.g., problem solving, psychomotor speed; Grant et al., 1987; Prigatano, Parsons, Wright, Levin, & Hawryluk, 1983) . Because pulmonary function indicators (including forced expiratory volume in one second [FEVi] and forced vital capacity [FVC] ) are central to the clinical diagnosis of pulmonary disease and may reflect pathophysiological changes that precede changes in blood oxygen levels, it is of interest to evaluate the relationship between pulmonary function and cognitive performance in a community-based sample of older adults.
Pulmonary function is of particular interest because healthy adults experience age-related nonlinear decreases in pulmonary function beginning at approximately age 25. In addition, past studies have documented that pulmonary function measures are associated with clinical disease and with mortality (Beaty et al., 1982) . Although genetic factors represent one component of the observed change in pulmonary function (McClearn, Svartengren, Pedersen, Heller, & Plomin, 1994) , behavioral and environmental factors also may play an important role.
There are few data regarding the association of pulmonary function and cognitive performance, despite reports suggesting they may be interrelated. One recent longitudinal study of older adults ages 70-79 revealed that pulmonary function (as measured by peak expiratory flow rate) was the second best predictor (following education) of cognitive change over a 2-2.5-year interval (Albert et al., 1995) . Another recent population-based study of 4,399 P312 EMERY ETAL. adults in Great Britain showed an association of impaired lung functioning (as measured by FEVi) with measures of reaction time, memory, and spatial reasoning (Emery, Huppert, & Schein, 1997) . Neither of these studies was designed to evaluate the relative contribution of genetic or environmental factors in the relationship between pulmonary function and cognitive performance, and the latter study utilized cognitive measures that were of only moderate reliability. The purpose of this study was to evaluate genetic and environmental contributions to the relationship of cognitive and pulmonary function over a 6-year longitudinal follow-up period, thereby examining the predictive strength of this relationship over a substantially longer time interval than that of the Albert et al. study. Because pulmonary function may be compromised as a result of environmental and behavioral factors (e.g., occupational exposure to toxins, smoking) that may also affect cognitive functioning, we were particularly interested in evaluating the relative contributions of both genetic and environmental factors in the pulmonary-cognitive function relationship.
The older adult twins participating in the Swedish Adoption/Twin Study of Aging (SATSA) provide an exceptional opportunity to evaluate previously untested hypotheses regarding longitudinal pulmonary predictors of cognitive performance in a sample of community-residing older adults (Pedersen et al., 1991) . SATS A is a longitudinal study of gerontological genetics with measures of pulmonary and cognitive functioning at three occasions. The SATSA design allows us to evaluate change across a 6-year interval as well as genetic and environmental mediation of associations between pulmonary function and cognitive performance. For this investigation, we hypothesized that pulmonary function would be associated with performance on tests of fluid intelligence (i.e., spatial problem solving, perceptual motor speed) but not crystallized intelligence (i.e., verbal knowledge). We also hypothesized that pulmonary function would predict longitudinal performance and change on measures of fluid intelligence.
Previous reports from SATSA indicate that genetic influences are important both for cognitive abilities and for pulmonary function . Because genetic influences are important in both domains, genetic effects may contribute to the association between cognitive performance and pulmonary function. To evaluate our hypothesis that genetic effects would be an important mediator of the association between cognitive performance and pulmonary function, we conducted analyses of twin-pair data.
METHODS

Sample
The data for this study were collected during the course of the ongoing SATSA (Pedersen et al., 1991) . The SATSA sample is a subset of the Swedish Twin Registry, which includes questionnaire responses from approximately 25,000 twin pairs born in Sweden between 1886 and 1958. SATSA includes both extensive questionnaire evaluations as well as in-person testing (IPT) sessions. All cognitive and physiological data are collected at the IPT sessions, as described below. To date, there have been four mail-out questionnaires and three IPT sessions (IPT1-IPT3), with the same core battery of tests administered at each IPT session. A 3year interval separates each test session; consequently the data used in this study were collected over a 6-year period.
The sample for this study was comprised of 444 individuals (222 twin pairs) who had participated in all three IPT sessions. The twin pairs included 48 identical or monozygotic (MZ) twin pairs and 65 same-sex fraternal or dizygotic (DZ) twin pairs who were reared together, and 35 MZ twin pairs and 74 DZ twin pairs who were reared apart. The twins who were reared apart had been separated by age 11, most often due to the death of a parent or financial hardship. However, almost all of the twins reared apart had been separated by age 5, with the largest proportion separated before their first birthday (Pedersen et al., 1991; . Mean age of the sample at the initiation of the study in 1984 was 62.3 (± 7.7) years (age range: 40-84), and 60% of the participants were women. Pulmonary function testing indicated that baseline lung functioning for the sample was in the normal range.
Measures
The complete, mailed SATSA survey included extensive questionnaires regarding physical and mental health status, personality, activities of daily living, health behaviors, and work and social environments. The IPT sessions involved an interview, administration of cognitive tests, and a health screening. Test sessions were conducted at a location convenient to the subject's home by registered nurses who had been fully trained in administering all test instruments, including the cognitive assessment battery. A small number of subjects was tested at home because of their inability or unwillingness to leave home. Each testing session included initial general health measures, such as blood pressure, and anthropometric measures. After fasting blood and urine samples were collected, subjects were provided a light breakfast before proceeding with the rest of the testing, which included measures of physical performance, nutritional intake, cognitive function, and spirometry. The entire session required approximately 4 hours, including meal and rest breaks.
Pulmonary function.-Spirometric
testing was performed on one of two intercalibrated portable 10-1 dry bellows Vicatest spirometers (Mijnhardt, Bunnik, The Netherlands) with subjects in the seated position and their nasal passages blocked with nose clips. Subjects were asked to produce two slow maximal expirations for vital capacity and two forced expirations for FEVi, which is one of the most frequently used measures of lung functioning and a useful indicator of lung elasticity and airway obstruction.
During the course of the study, it became necessary to change spirometry equipment due to the increasing difficulty of transporting the Vicatest spirometers and the availability of new spirometry equipment that was lighter and easier for the nurses to utilize. Thus, at IPT3, pulmonary function for 137 of the subjects in this study was measured with the Vicatest, and the remaining 307 subjects were given pulmonary function assessments with a portable ML 3300 spirometer (Micro Medical, Kent, United Kingdom). Pulmonary function values for both spirometers were expressed in BTPS (body temperature and pressure saturated with water vapor). Pulmonary function measurements were accepted only if the two best blows were within 300 ml for volumes of 4 L or more, and within 200 ml for volumes of less than 4 L. This elimination procedure has been used in prior analyses of the SATS A data and is consistent with current medical practice.
In addition, at IPT3 only, measurement of oxygen saturation (SaO 2 ) was calculated with a FasTrac Calibrator (Sensormedics, Anaheim, CA), using an optical measure on the subject's finger. This is a commonly used pulse oximetry method with excellent reliability among individuals who are not hypoxic (Wanger, 1992) .
Cognitive performance.-Eleven cognitive tests were administered at each IPT session. The cognitive battery was designed to evaluate four areas of cognitive ability (verbal, spatial, memory, perceptual speed) assessing aspects of both fluid and crystallized intelligence. To test our study hypotheses, one measure from each of the four domains was selected, including Information from the WAIS-R (verbal), Block Design (spatial), Digit Span-Backward (memory), and Digit Symbol (perceptual speed). The Information subtest provides a reliable measure of acquired knowledge, is commonly considered a measure of crystallized intelligence, and has been found to remain relatively stable with age. The other three measures (Digit Symbol, Block Design, Digit Span-Backward) are common indicators of fluid intelligence and are known to decline with age. Studies of patients with chronic obstructive pulmonary disease (COPD) have indicated that Information is not associated with degree of pulmonary dysfunction and hypoxemia, but that measures of memory, problem solving, and perceptual motor speed are associated with hypoxemia (Grant et al., 1987) .
Data Analysis
Because this study was designed to evaluate the 6-year longitudinal data, only results from baseline (IPT1) and 6year (IPT3) assessments were included in our analyses. Hierarchical multiple regression was the primary mode of data analysis, predicting cognitive performance from pulmonary function within each test session, as well as predicting cognitive performance at IPT3 from pulmonary function at IPT1 and change in cognitive performance (IPT1 to IPT3) from pulmonary function at IPT1. To assess the relative contributions of genetic and environmental influences on the associations between FEVi and the cognitive abilities levels, both correlational and model-fitting approaches were taken.
If genetic influences are important for the association between FEVi and the cognitive measures, then cross-twin, cross-trait correlations for MZ twins should be more similar than those for DZ twins, because MZ twins share an identical genetic makeup whereas DZ twins share an average of 50% of their segregating genes. Using cross-twin, crosstrait, intraclass correlations as a point of reference (e.g., the correlation of FEVi in Twin A with cognitive performance in Twin B), the extent to which MZ resemblance is greater than DZ resemblance suggests the presence of additive genetic influences (Plomin & DeFries, 1981) . In SATSA, two types of shared environmental influences may be assessed. When twins reared together are more similar than twins reared apart, shared-rearing environmental influences are indicated. The other forms of shared environmental influences, known in the SATSA design as "correlated" environmental influences, make up the residual twin resemblance that cannot be explained by genetic or rearing environment effects. Correlated environmental influences are evidenced by a lack of similarity in MZ and DZ pairs, regardless of rearing status. Nonshared environmental influences are those influences (e.g., accidents, illnesses) that make family members different from one another. To analyze genetic and environmental influences, cross-twin correlations were computed for pulmonary and cognitive measures across the longitudinal follow-up (IPT1 to IPT3).
Of central interest in the genetic analysis is the extent to which genetic and environmental influences contribute to the associations between cognitive abilities and FEVi. This question will be addressed with bivariate analyses of FEVi and cognitive abilities in a factor model with Cholesky decomposition using LISREL VIII, a procedure used frequently in twin research (Neale & Cardon, 1992) . There are two latent genetic factors: FEVi and cognitive ability load on the first common genetic factor (Gl), which represents genetic variance common to the two measures, and the second (G2) represents the genetic variance unique to the cognitive ability. Environmental sources of variance are also represented by two factors in the model. These models have been used extensively in previous analyses of the SATSA data set (e.g., Pedersen, Reynolds, & Gatz, 1996; Plomin, Pedersen, Lichtenstein, & McClearn, 1994) . Block Design) and no change on the other two measures (Information and Digit Span-Backward).
RESULTS
As shown in
Preliminary correlational analyses indicated that age, gender, and height were significantly correlated with pulmonary function and with cognitive function at IPTl, as shown in Table 2 . To address the experimental hypotheses, effects of age, gender, and height were controlled statistically in all analyses.
Hierarchical regression analyses were conducted, predicting performance on each of the four cognitive variables from FEVi at IPTl, after entering age, gender, and height in the first step. At IPTl, FEV, values were significantly associated with performance on Block Design, F{ 1,364) =11.25, p < .001, and Digit Span-Backward, F(l,366) = 10.66, p < .01, as shown in Table 3 . FEV, at IPT1 was associated with IPT3 performance on Digit Symbol, F(l,338) = 3.98, p < .05, and Block Design, F(l,350) = 6.52, p < .05. FEV, was not associated with performance on the Information subtest at either of the IPT sessions, as is evident in Table 3 .
Follow-up regression analyses predicting cognitive func- second. Male = 1, Female tion at IPT3 from pulmonary function at IPT3 were generally consistent with the regression results described above.
FEVi at IPT3 predicted performance on two of the cognitive indicators at IPT3 [Block Design, F( 1,322) = 11.76, p < .001, and Digit Span-Backward, F(l,330) = 6.95, p < .01]. FEVi at IPT3 was not associated with performance on the Information subtest. When SaO 2 , which was measured at IPT3, was included in the regression equations (with FEVi and control variables), no further variance was explained in any of the four cognitive variables.
Analysis of cognitive change.-The hierarchical regression analysis for each cognitive variable was then repeated to evaluate the extent to which FEV, at IPTl was associated with change in cognitive performance between IPTl and IPT3. Age, gender, height, and the IPTl score for each cognitive measure were entered in the first step, with FEV, entered in the second step. Results shown in Table 3 indicate that FEVi did not predict change in any of the cognitive outcomes. There was a trend toward statistical significance for Digit Symbol, although FEV, accounted for less than 1% of the variance in Digit Symbol performance.
Twin Analyses
To evaluate genetic and environmental influences in the relationship of pulmonary function and cognitive performance, intraclass correlations were conducted with all cognitive measures residualized for the effects of age and gender, and pulmonary function residualized for age, gender, and height. The intraclass correlations for the measures, as shown in Table 4 , are comparable to those reported earlier McClearn et al., 1994) . Briefly, the importance of genetic effects for FEVi and the four cognitive measures was evidenced by the higher corre- lations for MZ than for DZ twins. The importance of the rearing environment for Digit Symbol and Block Design was evidenced by higher correlations for MZ and DZ twins reared together than for MZ and DZ twins reared apart, respectively, at IPT1 and IPT3. Cross-twin correlations of FEVi with the four cognitive variables (i.e., each subject's FEV, correlated with his or her twin's cognitive performance scores) were computed across the longitudinal study (i.e., FEV, at IPT1 correlated with cognitive scores at IPT3). The MZ cross-correlations were generally greater than the DZ correlations, as shown in Table 5 , suggesting the relevance of genetic factors in the association of FEVi with the cognitive variables, with the exception of the association with Information. The crosscorrelations for twins reared together were not, on average, greater than those for twins reared apart, indicating that shared-rearing effects were of minimal importance. For the IPT3 data, there was little difference between cross-correlations for MZ and DZ twins reared apart, suggesting that there may be some residual correlated environmental variance contributing to the associations between the variables. However, this pattern was not evident in the pairs reared together.
The phenotypic correlations of FEVi at IPT1 with cognitive variables at both IPT sessions were not large (Table 6 ). In particular, the correlations for Information were quite small. Phenotypic correlations of FEV, at IPT1 with cognitive variables at IPT3 were statistically significant for all three measures of fluid cognition (Block Design, Digit Span-Backward, Digit Symbol). To further evaluate components of the relationship of pulmonary function with the three indicators of fluid cognitive function, LISREL VIII was used to decompose phenotypic correlations at IPT3 into genetic and environmental components. Parameter estimates from these analyses, based on variance-covariance matrices from the four rearing by zygosity groups, are included in Appendix Table 1 . When the phenotypic correlations were decomposed, the genetic component was greater than the environmental component in all three correlations.
The analysis also revealed that nonshared environment was significant for Block Design but in a negative direction. None of the shared environmental parameters was identifiable in the full models, hence they were fixed at zero.
Attrition/Missing Values Analyses
With FEVi as a reliable objective marker of vitality, we were interested in determining the extent to which poor performance on the pulmonary function test (low FEV,) would be associated with study attrition or whether inability to complete the pulmonary function test would be predictive of impaired cognitive performance. At IPT1, 645 subjects were participating in the study. Mean FEV, values for subjects who terminated participation in the study after IPT1 were significantly lower (2.07 ± 0.65) than values for subjects participating in all three sessions [2.28 ± 0.72; F( 1,463) = 6.21, p < .05]. However, when controlling for the effect of age, the significant difference in FEVi values at IPT1 between participants and dropouts was eliminated, suggesting that older subjects with lower FEVi values at IPT I were more likely to drop out after IPT1. Analysis of variance (ANOVA) also indicated that the subjects who died during the 6-year longitudinal study had significantly lower FEV, values at IPT1 than the subjects who completed 6 years in the study, F( 1,421) = 7.89, p < .01. The subjects who died during the 6-year study also scored significantly lower on three of the four cognitive measures (Information, Digit Symbol, Block Design). When age was covaried, however, the differences were no longer statistically significant.
At IPT1, approximately 16% of the participants (n = 106) could not produce an acceptable blow for the pulmonary function testing and were therefore assigned a missing value. ANOVA indicated that the group producing unacceptable pulmonary function values was significantly more impaired on all four of the cognitive measures than the group with acceptable values. However, when the analysis was repeated controlling for age there were no significant differences between the two groups. Chi-square analysis indicated that the proportion of subjects who subsequently died between IPT1 and IPT3 was greater among those with unacceptable pulmonary function results at IPT1 than among those with acceptable pulmonary function data [x 2 (l) = 7.87, p < .01].
DISCUSSION
The data demonstrate a consistent association of FEVi with cognitive performance on indicators of fluid intelligence, but not crystallized intelligence, over the 6-year longitudinal study. Pulmonary function was predictive of cognitive function, independent of the potential confounds of age, gender, and height. Although an association of pulmonary function and cognitive function has been observed previously in hypoxemic patients with COPD (Grant et al., 1987) , it was also found that blood oxygen level (PaO 2 ) was the best predictor of cognitive function and that FEV, was not a significant predictor. More recent results from community-residing adults suggest that peak expiratory flow is a reliable predictor of cognitive decline (Albert et al., 1995) and that FEVi is a predictor of performance on tests of problem solving and reaction time (Emery et al., 1997) . The present study extends the findings of recent work by demonstrating the utility of pulmonary function as a predictor of cognitive performance over a 6-year longitudinal interval. However, the utility of pulmonary function for predicting change in cognitive function was limited in this study and only approached significance for one of the cognitive outcomes (Digit Symbol).
The wide age range of the participants and the statistical control of age in the data analysis suggests that the association of pulmonary function and cognitive performance results from a common, perhaps genetic, determinant of both. Furthermore, the significant association of FEV, with dropout and death suggests that FEV, may provide a marker of functional decline associated with morbidity and/or mortality.
The negligible contribution of SaO 2 in the prediction of cognitive function may be explained by the high level of oxygen saturation for this sample, consistent with the absence of significant pulmonary disease. Thus, although blood oxygen levels may be relevant for cognitive performance among older adults with significantly impaired pulmonary function, these data suggest that FEV, may be a more useful pulmonary marker of cognitive function among relatively healthy adults.
The cross-twin correlational analyses also lend support to the notion that genetic factors may be a common determinant of decreased performance in both pulmonary function and cognitive performance. However, these data further suggest a contribution of environmental factors to this relationship. Environmental factors, such as exposure to toxins or health behaviors (e.g., exercise, cigarette smoking), would be particularly relevant among individuals performing either at a high level or a low level (e.g., athletes, COPD patients) in whom quantifiable environmental/behavioral factors may interact with genetic factors to influence the relationship between pulmonary function and cognitive performance.
Although the data do not provide an explanatory mechanism for the observed relationship between pulmonary function and fluid measures of cognitive function, the data suggest that the mechanism is determined primarily by genetic factors, which may interact with environmental factors. The extent to which decline in one area of functioning precedes decline in another area cannot be determined directly from these data. However, the data suggest that pulmonary function at the initial assessment was associated with cognitive performance 6 years later. Perhaps poor performance in pulmonary function testing reflects cognitive difficulties that preclude adequate performance on the pulmonary function equipment and impair performance on cognitive test instruments. On the other hand, poor performance on pulmonary function testing may suggest incipient morbidity, which also may be reflected in cognitive performance.
The data also may reflect general biological constraints affecting both cognitive performance and sensorimotor function. This lends support to the notion of a third variable, commonfactor explanation for age-related declines in cognitive function and in sensory capacities (Baltes & Lindenberger, 1997) , and indicates the need for further evaluation of common biological factors that may be associated with age-related changes in function. Overall, the data extend findings of recent studies suggesting that pulmonary function, which is an easily assessed and reliable measure of physiological performance, may be a useful predictor of age-related changes in cognitive performance. Although the relationship between pulmonary function and cognitive performance may be influenced primarily by genetic factors, secondary environmental factors, such as smoking and exercise, may also affect this relationship.
